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Chapter 1

Introduction

1.1 Introduction

Current-voltage (IV) method has been very successful for the detection of the
vortex phase transitions in high temperature superconductors (HTS) [1-5]. A very
common complexity in the area of the pinning of vortices is the clear
determination of the phase boundary between two different vortex states [6-8].
Once we can determine the nature of the vortex state and phase boundary, finding
out possible ways of enhancing the critical current density (J.) and upper critical
field (Hc.2) becomes much easier in the HTS [9-12]. Among several states of
vortices existing in nature the vortex states suggested by Berezinskii-Kosterlitz-
Thousless (BKT) [13-15] at zero applied magnetic field condition in several
materials including the HTS is well known in the area of the research on vortex
states. In addition to that of the Abrikosov vortices observed in the applied field
it is really very important to study BKT states comprising of vortex-antivortex

pairs and unbinding at higher temperature (T) in several superconducting systems.
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Considering the complexity of the exiting problems, several superconducting
systems need to be included for the understanding of several aspects of vortex

states and enhancing superconducting properties.

The BKT transition is originally formulated within the context of the 2D XY
model [13-16]. It depends on the fact that in such a system, the interaction energy
between vortex-antivortex pairs is a logarithmic function of the separation.
According to the BKT theory, there is a thermodynamic instability in which
vortex - antivortex pairs that are bound at low temperature unbound at a
characteristic temperature, Tgxr in two dimensional (2D) neutral superfluid. The
associated phase transition is known as the BKT transition. Even though initially
the BKT transition was proposed for spin systems, it has been extended to apply
for understanding the superconducting systems. The applicability of the BKT

theory was first detected in superconducting films [17, 18].

The BKT transitions have been detected experimentally in several systems, such
as (i) trapped 2D Bose gases, (ii) liquid helium films, (iii) 2D atomic hydrogen,
and (iv) superconducting Josephson junctions [19-22]. There are several
experimental techniques to detect the signature of this topological phase

transition at a temperature, T = Tgxr [23]. The nonlinear nature of IV



characteristics below the superconducting transition temperature, T, is used to
detect the BKT transition in superconducting systems. The nonlinear to a linear
transformation of IV of an anisotropic superconducting system can be used to
determine the BKT phase transition temperature. Below T., the BKT phase
transition is detected by using the variation of an exponent # as a function of T.

Following the equation for the voltage drop as given below,

V =al" (1.1)
the determination of # is possible where a is constant [13, 14, 24]. The exponent
n 1S a measure of the nonlinearity of IV curves. An abrupt change in # (T) is
observed at Tgkr. The BKT transition is generally detected with the change in #
(T) from 3.0 to 1.0 [25-27]. At T = Tgkr, # = 1 IV curves are linear in nature.
Within the BKT scenario, the transition of the vortex-antivortex bound pairs to

the unbound state is driven by thermal energy [28].

The superfluid density, o is proportional to the squared amplitude of the
macroscopic wave function and therefore describes the superconducting charge
carrier. It is thus a fundamental parameter whose variation as a function of doping
provides important information about the superconducting state. Generally, the
os is directly proportional to Js, the superfluid phase stiffness (SPS) [29]. In a
conventional 3D superconductor, the SPS goes to zero at T.. A universal relation

Is observed between the superconducting transition temperature, T, and o5(0),



suggested by Uemera et al. [30-32]. Determining the fluctuation of o as a
function of T is achievable by measuring the transport characteristics in a
superconducting system [33, 34]. Nonlinear 1V characteristics are used to extract
the exponent #. The determination of the SPS, J; has been done by using # by
following Ambegaokar-Halperin-Nelson-Siggia (AHNS) theory [35-37] and is

defined by the equation
Js = (77 - 1)T/7T (1.2)

The dependence of the o; on the doping level has been studied in several
superconducting systems [38-40]. In undoped Bi-2212 systems, o has been
studied by using the finest controlling in doping level [41]. A suppression of the
SPS has been observed in several cuprate superconducting systems [42-44]. Even
though the relation between T, and o has been investigated widely it is mostly
unknown how the SPS can be controlled and how it affects other superconducting
properties, including magnetic critical current density (Jcm) and vortex pinning in

several superconducting systems.

1.2 Superconducting systems for present research

We have chosen several HTS systems, which are mostly layered 2D structure for
IV measurements and BKT studies. Firstly, we briefly discuss the typical structure

of unit cell of the HTS samples used for the present thesis. A typical structure of
4



unit cell of YBa,CuszO7s (YBCO) is shown in Figure 1.1. Two CuO; planes

separated by Cu-O chains. The typical lattice parameters of an orthorhombic

YBCO area=3.82 A, b =3.89 A and c = 11.68 A. The unit cell contains a layer

C

Figure 1.1: Unit cell structure of YBa,Cu3O7.;.

of Cu-O having Cu(1) surrounded by four oxygen ions and a layer of Cu-O, where

Cu(?2) is surrounded by five oxygen ions forming a polyhedron. Chains of Cu-O



are parallel to the CuO; layers with barium atoms located between the planes and
chain. In layered structure, the superconducting pairs are formed in CuO; layers,
and the associated phase angles are important for the formation of the BKT states
in HTS. However, other layers participate in coupling between superconducting
layers and hence affecting IV and other transport properties and magnetic
properties. The positions of oxygen O(2) and O(3), are also very important
because we know that varying the excess content, & tuning of the pairing

formation, T, and other superconducting properties can be altered [45, 46].

1.3 Aims and Objectives

The presence of different vortex phases described in the framework of the BKT
and Abrikosov (A) affects several properties in different ways and magnitudes in
a superconducting system. Vortices generated by thermal fluctuations control
both the transport and magnetic properties in superconductors with even strong
pinning. Depending on the superconducting system, we may control the IV
characteristics. We will explore several such superconducting systems in which
the vortex phases can be controlled differently. In the present thesis, we have
investigated how controlling vortices from two different regions, the IV and
related features can be altered. The nonlinear variation of IV characteristics in

superconducting systems is related to the phase transition in vortex configuration.



We shall study controlling vortices both from the lattice sites and inter-granular
sites in superconductors. We have chosen several superconducting systems for
having several types of vortices below Tc. In the inter-granular sites compound
having magnetic control over the vortices has been chosen. In addition, the usual
change in carrier doping level has been used. Superconducting samples with a
wide range of pinning strengths have been synthesized and characterized. An
understanding of the vortex phase (Abrikosov) diagram and how the pinning
scenario in superconductors exhibiting nonlinear 1V at the zero magnetic fields
(BKT) affects magnetic critical current density, J.m IS an important direction of
research to correlate transport and magnetic properties. Enhancing Jen, is the most
Important aspect in the area of HTS. We have also made an attempt to study the
Jem Of several such systems in which the nonlinear IV characteristics have been

observed.

We have selected several high T. superconducting systems in which the SPS
vortex phases can be controlled in different ways. We have chosen several
systems in which vortices are controlled both from the lattice site by (i) changing
carrier concentration and (ii) the inter-granular site by changing granularity and
inter-granular linking. Several superconducting systems have been selected as
representatives of ways of controlling IV as well as vortex pinning. Tuning the
nonlinearity in IV through changes in the lattice site and to investigate the

possibility of BKT phase transition and the nature of variation of the SPS, we

7



have chosen several Ce substituted Y;..CexBa,Cu3O7.; (with x = 0.0 to 0.4)
superconductor [47]. An important question is how to control nonlinearity in 1V
in such layered superconducting systems. It is also very important to understand
how the nonlinear behaviour changes using the inter-granular network. We have
used magnetic structure in the inter-granular network region to tune the
nonlinearity in 1V and are interested to understand the behaviour of the superfluid
[48]. We have selected several pure and composite samples by varying 6. We
have used a low concentration of 5% Y,CoMnQOg as a magnetic material for
making the inter-granular network [49]. In the presence of non-magnetic
impurity, how the T dependence of the SPS is affected is to be investigated by
using IV at the zero magnetic fields. It will be very important to understand how
nonmagnetic dopant affects the pinning of the pancake vortices in Bi-2212
superconductor [50]. So, we have selected several bulk Zn-doped Bi,Sr,CaCus.
«ZNOs:5 (Bi-2212) superconductors for x = 0.0 to 0.2. Below we have outlined

the research done in the present thesis in the aforementioned direction.

1.4 Outline of the thesis

In the present thesis, we have explained several experimental works, including
the synthesis and characterization of superconducting samples in Chapter 2. In
Chapter 3 we have studied temperature variation of the SPS and the possibility

of BKT transition have been explored in several bulk Ce doped YBCO



superconductor samples. How the magnetic structure in the inter-granular
network in the bulk sample influences the nonlinear nature of IV characteristics
and how superfluid behaviour is affected as a result of the inclusion of this
component in several bulk YBCO superconducting samples, have been explained
in Chapter 4. Detection of the BKT transition have also been discussed in this
Chapter. Suppression of the SPS in the presence of nonmagnetic Zn replacing Cu
in Bi-2212 system have determined using the AHNS theory in Chapter 5. A
scaling between SPS and critical temperature have also been established in this
Chapter. How nonmagnetic dopants (Zn in Cu site) affect the pinning of pancake
vortices in Bi-2212 superconductor have explained in Chapter 6. In this Chapter,
we have analysed J.m by M(H) measurement of nonmagnetic Zn- doped Bi-2212
superconductor to understand the macroscopic nature of vortex pinning. Shifting
in the irreversibility line (IL) and change in pinning force density in the doped
Bi-2212 sample have also been determined. The impacts of two different types of
pinning centres on magnetization and J., of YBCO superconductors have been

discussed in Chapter 7.
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Chapter 2

Experimental methods

2.1 Introduction

In this chapter, we have discussed the general experimental techniques that we
have used. We have used the conventional solid state reaction method to
synthesize superconducting samples. Details of the synthesis procedures have
been given separately. We have characterized all the samples by using (i) X-ray
diffraction (XRD) method (Bruker D8 advanced X-ray diffractometer) (ii) Field
emission scanning electron microscope, FESEM, (INSPECT F50). Transport
measurements have been carried out using the standard four-probe technique. A
vibrating sample magnetometer, VSM (Cryogenics, UK), has been used for all
magnetization measurements. In this Chapter, we have briefly discussed the

working principle of XRD, FESEM, VSM, and other experimental procedures.
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2.2 Sample Synthesis

The synthesis route has a significant role in producing good quality bulk
polycrystalline superconducting samples. Sample characteristics like phase
formation, grain growth, and grain connectivity depend on synthesis conditions.
There are several methods to synthesize polycrystalline cuprate superconductors,
like the solid-state reaction method [1-3], the sol-gel method [4, 5],
coprecipitation method [6, 7]. The solid-state method involving mixing,
calcination, and sintering is the most widely used to synthesize polycrystalline

bulk superconducting samples.

In the present work, we have synthesized series of several superconducting
samples. The compositions of the synthesized samples with labelling are given in
Table 2.1. To synthesize Series I and Series 11, highly pure powders of Y03,
BaCO3;, CuO, CeO, (for Ce doped) have been used with proper stoichiometry.
For Series 111, we have used Bi,Os, SrCO;, CaCOg3, CuO, ZnO; (for Zn-doped).
Firstly, we have taken the starting chemicals in a proper stoichiometric ratio.
Then powders have been mixed and ground thoroughly using agate mortar and
pestle for more than 3 hours to get better homogeneity. The mixed powder has
been pressed into pellets (diameter typically 8.0 mm and thickness ~0.5-1.0 mm)

using dice and a high-pressure hydraulic press. The pellets have been calcined in
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Series I:

(I) YBaZCU306_9(Sl)
(II) Yo,gceo,183.2CU306_9(52)
(III) Y0,35ceo,1588.2CU305,9(S3)

(iV)Yo,gceo,zB&zCU306,9(84)

(V) Yo0.75Cep.25Ba,Cu306.9(S5)
(VI) Yo_7C€o_3B&2CU306_9(S6)
(Vii) Y0,65C80,35B&zCU306_9(57)

(VIII) Y0,6C60_4882CU306,9(88)

Series II:

Pure samples:

(i) YBa,Cu307,0(S9)
(i1) YBa,Cu3069(S10)
(iiii) YBa,Cus06 7(S11)

(iv) YBa,Cu3065(S12)

Mixed samples:

(V) YBa,Cu3O7,0+5%Y,CoMnOg(S13)
(vi) YBa,Cu3Os9+5%Y,CoMNOs(S14)
(VII) YB&QCU306,7+5%Y2C0MnOG(S].S)

(Viii) YBa,CusOs5+5%Y2CoMnOg(S16)

Series Il1I:

(i) Bi,Sr,CaCu,04.45(S17)

(IV) Bi28rZCaCu1_85Zno,1sOg+5(820)

(I I) Bi 2S rZCaCu1,95Zno,o508+5(S 18) (V) B |28 r.CaCu 1_gzno,208+5(82 1)

(I i I) BiszzC&CUllgzno_logHs (819)

Table 2.1: Synthesized samples series with labelling.
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a tube furnace at different temperatures for 24 hours. Typical calcination
temperatures are (i) 850 °C for Series | and Il and (ii) 780 °C for Series I11. All
the samples have been sintered at different temperatures with intermediate
grindings and pelletizations. We have used (i) 930 °C, 935 °C and 940 °C for 24
hours each to sinter Series | and I, (ii) 820 °C, 830 °C, 840 °C for 36, 48, and 60
hours respectively to sinter Series I11. Prior to mixing with Series 11, Y,CoMnOg
has been synthesized separately using the standard solid state reaction method,
and the sintering temperature has been used at 1250 °C for 48h. All the samples
(Series I, 11 and 111) have been annealed at 450 °C in flowing oxygen for 24-48

hours to stabilize the oxygen stoichiometry.

2.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is widely used for the structural characterization of
crystalline materials [8]. This method is also used for phase identification and can
provide information on unit cell dimensions [9—11]. The working principle of
XRD is based on constructive interference of monochromatic X-rays and a
crystalline sample. These X-rays are generated by a cathode ray tube. The rays
are filtered to produce monochromatic radiation, collimated to concentrate, and
directed toward the sample. The interaction of the incident rays with the sample

produces constructive interference when the condition satisfies Bragg’s law
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Zdhleine =nAi (21)

Here dj,;,; is the interplanar separation between the planes having Miller Indices
(hKkl) [12, 13]. @ is the angle of the incident beams with the planes (hkl), A is the
wavelength of the used X-ray, and n-denotes the order of diffraction maxima. The
Bragg’s law relates the wavelength of electromagnetic radiation to the diffraction
angle and the lattice spacing in a crystalline sample. Figure 2.1 shows the
schematic diagram of Braggs diffraction of a crystalline sample. The diffracted
X-rays are detected, processed, and counted. The detector counts no. of X-ray

pulses as a function of angle 26.

0000000

Figure 2.1: Schematic diagram of Bragg’s diffraction of the crystalline
sample.
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Figure 2.2: Schematic diagram of X-ray diffractometer.

The Bragg-Brentano geometry [14] is commonly followed in most diffractometer
setups. A schematic diagram of the X-ray diffractometer is shown in Figure 2.2.
X-ray diffractometer consists of three essential elements: an X-ray tube, a sample
holder, and an X-ray detector. X-rays are generated in a cathode ray tube by
heating a filament to produce electrons. These electrons are accelerated toward
the target by applying a voltage. After bombarding the target materials with
electrons, the characteristics of X-ray spectra are produced. These spectra consist
of several components. Copper (Cu) is used as the most common target material.
In most cases, Cu-K, wavelength (A = 1.5406 A) is used in an X-ray

diffractometer. These X-rays are collimated and directed onto the sample.
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Figure 2.3 Representative X-ray diffraction patterns of Y;..CexBa,CuOgg

corresponding to x = 0 (S1), 0.1 (S2), 0.15 (S3), 0.2 (S4), 0.25 (S5), 0.3 (S6),

0.35 (S7) and 0.4 (S8).
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While measuring XRD patterns, both the sample holder and detector are rotated.
The geometry of an X-ray diffractometer is such that the sample rotates by an
angle & with respect to the collimated X-ray beams while the detector rotates by
an angle 26. We have measured XRD data by varying 26 from 10° to 70°. We
have used a scan speed of 0.6 sec/step and a step size of 0.02°. Scan speed is the
hold time at each 26 value set as per the requirement of a fast or slow scan. During

measurement, voltage and current have been kept at 35.0 kV and 35.0 mA.

The results of the X-ray diffraction are the intensity of the signal for various
angles of diffraction at their respective 20 position. The intensity of the peaks is
related to the number of molecules in that phase or with that spacing. We can
determine the space group, unit cell, and lattice constants by identifying hkl plane
from the corresponding peak position [15, 16]. In Figure 2.3 we have shown
representative XRD patterns of Y;.,CexBa,CuQOg g corresponding tox =0 (S1), 0.1
(S2), 0.15 (S3), 0.2 (S4), 0.25 (S5), 0.3 (S6), 0.35 (S7) and 0.4 (S8). Indexing all
major peaks that correspond to YBCO structure. No structural changes have been

observed due to doping at the rare earth site.
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2.4 Field Emission Scanning Electron Microscopy

(FESEM)

There are two types of electron microscopes, Scanning electron microscope
(SEM), and Transmission electron microscope (TEM). SEM is one of the most
widely used instrumental methods for examining and analyzing the distribution
of the micro and nanoparticle of solid specimens. One of the reasons that SEM is
preferred for particle size analysis is due to its resolution of 10 nm. SEM is mainly
used to examine surface topology, morphology, and composition [17-19]. The
main components of the SEM are an electron source, condenser lenses, scanning
coil, objective lens, sample chamber and stage, detector, and operating
computers. A stable power supply, vacuum, cooling system, and vibration free
space are the basic requirements of the SEM. A schematic diagram of the main
parts of a SEM is shown in Figure 2.4. The main difference between SEM and
FESEM is the type of electron source. The working principles of different

components of FESEM are described in the following section.

Electron source: In a standard electron microscope, electrons are produced by a
crystal of lanthanum hexaboride (LaBg) that is mounted on a tungsten filament.
In FESEM, an extremely thin and sharp tungsten needle (tip diameter 10" — 108
m) is used as a cathode in front of the primary and secondary anode. The voltage

between the cathode and anode is in the order of magnitude 1.0 kV to 30.0 kV.
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Figure 2.4: Schematic diagram of a SEM.

The electron beam produced by the field emission (FE) source is about 1000 times
smaller than in a standard microscope; hence, the image quality is markedly
better. After emerging from an electron gun. The electrons are accelerated toward
the sample through a column that consists of condenser lenses, scanning coils,

and objective lenses.
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Condenser lens: The current in the condenser lens determines the diameter of
the beam. A low current results in a small diameter, and a higher current produces
in a larger diameter of the beam. A narrow beam produces better resolution. So,

these lenses play an essential role in controlling the size of the spot.

Scanning coil: The scanning coil mainly controls the motion of the electron beam
in two perpendicular directions. The electron beam from condenser lenses passes
through the scanning coils. The current in the coils is altered in such a way that
the electron beam scans the sample surfaces in a raster pattern. Scanning coils
control the resolution of the SEM image by controlling the number of spots in the
raster pattern. The scanning coils can also control magnification by changing the

scan area on the sample surfaces.

Objective lens: The objective lens is the last lens in the column. The objective
lens focuses the electron beam on the sample surface. At a short working distance,
the objective lens needs to apply a greater force to deflect the electron beam. The
shortest working distance produces the smallest beam diameter, hence resulting

the best resolution.

Image formation: When the primary probe bombards the sample, the secondary
electrons are emitted from the sample surface with a certain velocity determined
by the levels and angles at the surface of the sample. The secondary electrons
strike the scintillator that produces photons. The signal produced by the
scintillator is amplified and sent to a cathode ray tube (CRT) imaging system.
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The contrast in the real-time image that appears on the screen reflects the

topographical structure on the surface of the sample.

The samples which are examined in SEM must be conducting or needed to be
coated with gold. As the surfaces of our samples are conducting, so no gold
coating is required. For taking SEM images, we place the samples on the sample
holders and load the holders in the sample mounting stage. After loading the
sample, the beam is turned on when chamber pressure goes below 5x107 Pa.
Typically working voltage range is set at 2.0 kV to 50.0 kV. But for our samples,
we have set it to 20.0 kV and spot size 3.0 microns. The images are generally
taken at several magnifications between 3000x to 50000x magnification. The

representative SEM images are shown in the respective Chapters.

2.5 Transport measurement

The transport properties have been measured using standard four-probe method
[20-22]. We have measured the electrical resistivity (p), as a function of T down
to 10.0 K, and IV characteristics at several constant temperatures below T, [23].
A closed cycle refrigerator (CCR) (JANIS, USA), is used to decrease the
temperature of the sample. The sample holder is kept within a highly vacuum

chamber in which pressure is maintained at around 0.001 mbar by a rotary pump.
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A Lakeshore temperature controller is used to monitor and control the sample
temperature. The precision of the temperature controller is up to 0.01 K. We have
used Keithley's constant current source to supply constant current through the
sample and Keithley's nanovoltmeter (precision ~10 nV) to measure the voltage

drop of the sample.

Nanovoltmeter

Figure 2.5: Four-probe configurations with bar-shaped sample mounted for

transport measurement.

A schematic diagram of a four-probe technique is shown in Figure 2.5. A bar
shaped sample is cut from the sintered pellet and mounted on the sample holder
with the help of Apiezon N grease shown in Figure 2.5. Apiezon N grease is
electrically insulating but thermally conducting. Delta mode is used to measure

p(T). DC sweep mode is used to measure IV characteristics. The delta mode
26



eliminates any offset or noise voltage present in the system. Typically, £1 mA
current is used for delta mode. We generally used the current range from 100 nA

to 5 mA in DC sweep mode to measure IV characteristics at zero magnetic fields.

When current is passed through the sample by some external leads, there is a
voltage drop across the sample to lead contact resistance. The four-probe method
eliminates such voltage drops in the measured voltage value as separate leads are
used to inject current in the sample and the voltage measurement. We have
applied current through terminals 1 and 4 and sample voltage is measured
between terminals 2 and 3 (shown in Figure 2.5). The contacts of the voltage and
current leads on the sample surfaces are made by Cu wire with silver conducting
adhesive paste. The contact resistance should be stable throughout the
temperature range of 300.0 K to 10.0 K. In the present configuration, the value of

resistivity is obtained by the formula

R=px-x (2.2)

wxt

where, [, is the separation between the voltage leads, and w & t are the width
and thickness of the sample, respectively. In our configuration, for low resistive
sample voltage lead separation, L, must satisfy the relation 1,, > w > t. The
typical dimension of the bar shaped sample used for transport measurement is

6.0x 2.5 x 0.8 mm3.
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2.6 Vibrating Sample Magnetometer (VSM)

The VSM is a sensitive and versatile instrument for studying magnetic moment
as a function of magnetic field and temperature [24-26]. The basic principle of
operation for a VSM is that a varying changing magnetic flux will induce a

voltage in a pick-up coil. The time-dependent induced voltage is given by V,.,;; =
Z—f. Here @ is the magnetic flux enclosed by the pick-up coil. For a sinusoidally

oscillating sample position, the voltage is given by V,,; = 2nCmAsin(2nft),
here C is a coupling constant, m is the DC magnetic moment of the sample, A is

the amplitude of the oscillation and f is the frequency of oscillation.

The different constituent parts of the VSM are, (1) Vibrator and sample holder,
(2) Lock-in amplifier, (3) Electromagnet and power supply, (4) Pick up coil or
detection coil, (5) Sensor coil, (6) temperature variation system, (7) Computer
interface [27, 28]. The schematic diagram of a VSM is shown in Figure 2.6. The
cryogen-free magnet system allows to achieve low temperature 1.6 K and the
maximum magnetic field can be applied upto 7.0 T. The sensitiveness of the VSM
system is 10 emu. The cryocoolers operate using a helium compressor. There
are two types of cryocoolers, the Gifford McMahon (GM) cryocooler, and Pulse
Tube (PT) cryocooler. The GM cryocooler has the advantage of greater

thermodynamic efficiency than PT cryocooler.
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The sample is attached to the lower end of the rigid rod and made to oscillate
vertically, typically over amplitude of 1.0 mm at frequencies typically 21 Hz.

When the sample is magnetized or in response to an externally applied field, the

Reference Signal

Lock-in ' DC output to
Amplifier DVM

Reference _.I
Coil

Extension Rod —

DC Electromagnet
Pole Pieces

l

Magnet
Power Supply

Pick-up Coil

Figure 2.6: Schematic diagram of a VSM.

oscillation induces an AC signal in the pick-up coil. The amplitude of this signal
Is proportional to the magnetic moment of the sample. It is assumed that the size
of the sample is much smaller than the dimensions of the pick-up coils. The pick-
up coils are matched and connected in an opposite sense. Without a sample in
position, an external field would induce equal and opposite voltages in the two
sets of pick-up coils, which produced no overall signal. When the sample is in

position, the upward motion of the sample causes an increase in flux through the
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upper pick-up coils and a decrease in flux through the lower pick-up coils. The
reverse is true for the downward motion of the sample. Therefore, the overall
voltage induced when the sample is vibrating is proportional to the magnetic

moment of the sample.

Perspex cone Straw Sample

Figure 2.7: Sample mounting straw with bar shaped sample.

The quality of the measurement is generally affected by the dimensions, shape,
and mass of the sample. The typical dimensions of the bar shaped sample used
for magnetization measurement are 4.0 x 3.0 x 1.0 mm?. The mass of sample is
about 45.0 mg. Mounting of the sample is one of the major parts of the

measurement. A straw of length 80 mm is chosen for mounting the sample. Then
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the sample is mounted using Kapton tape not more than 20 mm from the end of
the straw. Finally, the sample straw is screwed onto the vibrating rod with the
help of the Perspex cone, which is shown in Figure 2.7. Prior to the
measurements, we ensure the positioning of the sample with respect to the pick-
up coils using a low field (< Hc;) at a lower temperature (~ 2.0 K). We have
measured magnetic moment (m) as a function of temperature, m(T) below T at
several fields, H up to 7T. Magnetic moment as a function of the magnetic field,
m(H) (up to + 7 T), has also been measured at several fixed temperatures [29,
30]. A proper sequence consisting of several cycles of Zero Field Cooling Cycle
(ZFCC), Zero Field Cooling Warming (ZFCW), Field Cooled Cooling (FCC),
and Field Cooled Warming (FCW) have been used for m(T) measurements. The
temperature has been varied at a rate of 0.25 K/min for m(T), and field has been

varied at a rate of 0.05 T/min for m(H) measurements.
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Chapter 3

Nonlinear current-voltage characteristics in electron
doped YBCO superconductor below the critical

temperature

3.1 Introduction

The o in the superconducting system affects both the critical temperature and the
critical current density. In several hole doped HTS, the relation between the o at
absolute zero and the critical temperature has been studied [1-5]. However, in
several superconductors, the relation is even more complex and it depends on
both the nature of the doping and the disorder level [6, 7]. The nonlinear relation
between the oy and the critical temperature has been observed in numerous
cuprate superconducting systems. Reduction in oz in cuprates has also been
observed [8]. The electron-electron correlation in controlling the superfluid
properties is an important aspect to understand the relation between the critical

temperature and the o; [9]. The variation of the o; with the temperature in the
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superconducting state is very important to understand the superconducting phase

transition and the possibility of the BKT transition in HTS [10-12].

By measuring the transport properties in electron doped superconducting
systems, it is possible to understand the variation of the o; as a function of
temperature [2, 3]. The nonlinear 1V features are used to extract an exponent and
hence to interrelate the phase transition and the variation of the SPS. In the present
work we have extracted the SPS in several bulk Ce doped YBa,Cus07.5 (YBCO).
The determination of the SPS has been done by using the nonlinear nature of the
IV curves obtained below the critical temperature by following the AHNS theory
[13, 14]. We have also explored the possibility of the BKT transition in electron
doped YBCO superconductors. The variation of the SPS with temperature in the
phase transition region has been investigated. We have extracted a crossover
temperature above which the suppression of the SPS and the increase in resistivity

has been studied in all electron doped YBCO superconductors.

3.2 Experimental

We have synthesized several Y;..CexBa,Cu3Os g Superconducting bulk samples by

using the standard solid state reaction method [15, 16]. The concentration of Ce,
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X is taken to be 0 (S1), 0.10 (S2), 0.15 (S3), 0.20 (S4), 0.25 (S5), 0.30 (S6), 0.35
(S7) and 0.4 (S8). The details of the synthesis route have been described in
Chapter 2. We have characterized the granular nature of the samples by using
SEM. Resistivity as a function of the temperature has been measured by using the
standard four-probe method with the help of a cryogenerator [17, 18]. At several
constant temperatures, the measurements of IV have been carried around and

beyond the phase transition region.

3.3 Results and discussions

In Figure 3.1(A), we have shown the variations of the resistivity, p, as a function
of the temperature, T in Y14CexBa,CuzOs9. The normal states of doped YBCO
exhibit upturns for the concentration of electron doping, x = 0.25, 0.30, and 0.35,
whereas other doped samples and pure YBCO have metallic normal states.
However, p (300 K) varies strongly with the electron doping. The variations of
the normalized resistivity, p (7)/p (300 K) as a function of T has been shown in
Figure 3.1(B). Figure 3.1(B) clearly shows how the electron doping affects both
the normal state as well as the phase transition region with respect to that of pure
YBCO (x=0). For several doping concentrations, the normal state becomes non-
metallic with an upturn in p (7). The variations of the dp/dT as a function of T

are shown in Figure 3.2(A—H) corresponding to samples with x = 0 (S1), 0.1
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Figure 3.1(A): Resistivity as a function of temperature in Y1,CexBa,CuzOs.

(S2), 0.15 (S3), 0.20 (S4), 0.25 (S5), 0.30 (S6), 0.35 (S7) and 0.40 (S8)
respectively. do/dT (T) reveals how the normal states are sensitive to the electron
doping [19, 20]. The observed upturn in resistivity in several doped samples
corresponds to the negative value in the variation of do/dT (T). An upturn has
been observed starting at T = 250.0 K, 300.0 K, 195.0 K and 180.0 K
corresponding to x = 0.15, 0.25, 0.30 and 0.35 respectively. The superconducting
onset T are found to be 82.0 K, 84.0 K, 88.0 K, 78.0 K, 90.0 K, 74.0 K, 37.0 K
and 85.0 K corresponding to x = 0, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 and 0.40
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Figure 3.1(B): Normalized resistivity vs T in Y1.xCexBa,CuzOs.9.

respectively as given in Table 3.1. In Figure 3.3(A—C), scanning electron
micrographs of samples with x = 0, 0.2 and 0.3 are given as representatives. The
granular natures in the pure and doped samples remains almost unchanged
indicates that change in the resistive properties is mostly due to the change in the
intrinsic in nature. The phase transition regions are generally very broad in most
of the Ce doped samples which may make these samples better candidates for

studying the role of the o3 in controlling the superconducting phase transition [7

21].
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Figure 3.3(B): SEM of the sample Y gCeq.Ba;Cuz0s9 (S4).
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Figure 3.3(C): SEM of the sample Y 7Ceo3Ba,Cuz0s9 (S6)

In Figure 3.4(A—H) we have plotted IV curves in the log-log scale for different
samples [22-25]. Figures 3.4(A—H) correspond to x = 0, 0.10, 0.15, 0.20, 0.25,
0.30 and 0.40. In the pure sample (x = 0), the variations of IV are linear in the
range of T =75.0 K through 90.0 K as shown in Figure 3.4(A). In several doped
YBCO superconductors, the nonlinear variations in 1V have been observed over
a wide range of T [26-28]. (i) In Figure 3.4(B), we have shown the log-log
variations of IV of the sample with the lowest x = 0.10 in the range of T = 60.0 K
through 80.0 K. In the vicinity of 60.0 K, the clear nonlinear 1Vs have been
observed. In the inset of Figure 3.4(B), we have shown a typical IV at 60.0 K
with a fitting curve. (ii) In Figure 3.4(C), we have shown the variations of 1V in

the log-log scale for the range of the temperature 74.0 K through 90.0 K for the
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Figure 3.4(A): IV characteristics of YBa,Cu3Os 9 (S1) at several temperatures.

sample with x = 0.15. The nonlinear variations are visible around the temperature
of 74.0 K. A typical nonlinear variation of IV has been shown in the inset of
Figure 3.4(C). (iii) In Figure 3.4(E), the variations of IV in the sample with x =
0.25 have been shown in the log-log scale for T = 50.0 K through 70.0 K. At
several temperatures the nonlinear nature of 1V has been observed. In the inset of
Figure 3.4(E), a typical nonlinear variation at T = 52.0 K has been shown. (iv) In

Figure 3.4(F), we have shown the variations of IV in the log-log scale for the
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Figure 3.4(B): IV characteristics of Y(9Cep1Ba;CusOs9 (S2) at several
temperatures. Inset shown a typical nonlinear IV at 60.0 K with a fitting line

using eqn 1.1.

sample with x = 0.3 in the range of 46.0 K thorough 65.0 K. Over a wide range
of T, the nonlinear variations are observed. A typical nonlinear IV-variation
corresponding to 47.0 K has been shown in the inset of Figure 3.4(F). (v) Below
30.0 K, several variations of 1V have been shown in the log-log scale for the

sample with x = 0.35 in Figure 3.4(G). The typical nonlinear variation of IV at
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12.0 K has been given using a linear scale in the inset of Figure 3.4(G).

Therefore, the nonlinear variation in IV has been observed in most of the electron

doped YBCO samples in different ranges of temperature [3, 4].

The analysis of the nonlinear behavior has been carried out based upon an

equation 1.1. [29, 30]. We have extracted the exponent as a function of
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temperature for the electron-doped sample in which we have observed a very
prominent nonlinear variation of 1V. In Figure 3.5, we have plotted the variation
of nwith T. Any value of n > 1.0 reveals the nonlinear behavior. The minimum
temperature, T,, at which 7 =1.0 may be associated with the onset of the BKT
transition [10, 11]. We have obtained T, = 67.0 K, 79.0 K, 72.0 K, 74.0 K, 64.0

K, 29.0 K and 72.0 K corresponding to x = 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 and
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Figure 3.4(E): IV characteristics of Y75Ceo25Ba,CusOs9 (S5) at several
temperatures. Inset shown a typical nonlinear 1V at 52.0 K with a fitting line

using eqn 1.1

0.40 respectively as given in Table 3.1. Below Ty, the nonlinear nature in electron
doped samples may be an indicator of the detection of the BKT transition.
However, down to 10.0 K, we have obtained a maximum 7 = 2.5 in the sample
with x = 0.35. No change in the exponent from 7 = 1.0 to 3.0 has been observed.
Hence, no complete BKT transition has been observed in any of these electrons

doped samples. It would be important to mention that no single functional for has
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Figure 3.4(F): IV characteristics of Y(7Ceo3Ba,CusOsg (S6) at several
temperatures. Inset shown a typical nonlinear 1V at 47.0 K with a fitting line

using eqn 1.1.

been obtained for fitting 7 (7). However, extrapolating the nature of 7 (7) we
speculate that BKT transition may be observed at a lower temperature. Above the
BKT transition temperature, there is an abrupt transition from a paired vortex
state to a vortex unbinding state. The unbinding state is associated with the
dissipation and hence higher resistive state. In addition, in electron doped YBCO

samples the broad nature of the variation of 7 (7) reveals the continuous phase
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temperatures. Inset shown a typical nonlinear 1V at 12.0 K with a fitting line

using eqn 1.1.

transition to the unbinding state with the increase in T. The nonlinear variation of

n (7) in cuprate superconductor has been observed earlier as well [2, 31].

Following the AHNS model, we have found the SPS, Js by using equation 1.2 [13,

14]. The superconducting phase transition region and the variation of the SPS
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Figure 3.4(H): IV characteristics of YsCeo4Ba,CusOsge (S8) at several

temperatures.

with T are strongly related. As the temperature is decreased the resistivity in the
phase transition region decreases. However, with the decrease in T the Js (T)
increases. There are several types of such combinations of variations in cuprate
superconductors [32]. In Figure 3.6(A—G), we have shown (i) the variation of the
resistivity with T and (ii) the SPS with T by using a combined plot for electron

doped samples. Panels in Figure 3.6(A—G) correspond to x = 0.10, 0.15, 0.20,
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0.25, 0.30, 0.35 and 0.40 respectively. There is a crossover temperature, T, for
all electron doped samples as shown in Table 3.1. At T = T, Js (T) and p (T)
intersects as revealed in Figure 3.6(A—G). The crossover is consistent with the
similar observations reported in several other Ca doped YBCO superconductors
[32]. We found that below T the growth of the Js (T) is very close to an
exponential nature [17]. However, the exponential growth is very sensitive to the

electron doping. Even at T = T, (p= 0), Js is not equal for all electron doped
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Figure 3.6(A—G): Combined plots of the resistivity and the SPS with T. Panels

(A-G) correspond to S2, S3, S4, S5. S6. S7 and S8 respectively.

samples. It indicates that no specific critical Js is required to exhibit the

superconducting transition. We have observed that T, > T, and the separation of
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X Te (K) Ter (K) Tu(K)
0.00 820 | - | =
0.10 84.0 63.5 67.0
0.15 88.0 75.9 79.0
0.20 78.0 67.2 72.0
0.25 90.0 67.5 74.0
0.30 74.0 53.5 64.0
0.35 37.0 175 29.0
0.40 85.0 70.6 72.0

Table 3.1: List of different temperatures of several Ce doped YBCO samples.

these two temperatures, (T, - T¢r), are very sensitive to the electron doping. The
observed difference between T, and T, also gives us an idea quantitatively that
below superconducting T, a vortex states related BKT phase transition occur in
YBCO systems. It will be important to understand the variation of the Js (T),
within the range (T, - T¢) to correlate superconducting phase transition and BKT

phase transition.

3.4 Summary

In several electron doped YBCO, the nonlinear variation of 1V has been observed.
The determination of an exponent reveals that complete BKT transition may be
observed in electron doped YBCO. The SPS extracted by using AHNS theory
varies nonlinearly with temperature. A crossing point, T, below the unbinding
temperature, T, has been proposed and extracted below which the resistivity
decreases and SPS increases. The separation between two characteristic
temperatures, (T,-T¢) varies strongly with the electron density. The suppression

of the Js (T) above T is clearly detectable for all doped samples.
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Chapter 4

Nonlinear  current-voltage characteristics In
composite  systems  consisting of < YBCO

superconductor and Y2CoMnOs

4.1 Introduction

The nonlinear variation of the IV characteristic below the critical temperature in
superconducting systems is related to the phase transition in vortex configuration
[1, 2]. An important question is how to control the nonlinearity in IV. There are
several ways to trigger the nonlinear behaviour in cuprate superconducting
systems [3-8]. All processes by which the nonlinearity can be altered are of two
types in nature in bulk superconducting samples (i) elemental substitution in
lattice sites including elemental disorder and twin boundaries and (ii) tuning the
inter-granular networks. In cuprate superconductors both processes are effective
in controlling the nonlinear behaviour and related outcomes. Commonly used
cuprate superconductors are found to exhibit strong sensitiveness of the o to the

doping level. By changing doping level superfluid stiffness has been studied in a
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wide range. The dependence of the o; on the doping level at different

temperatures below the critical temperature is different in nature [9].

Even though tuning the nonlinearity through the changes in the lattice site is very
popular practice it is also very important to understand how the nonlinear
behaviour changes using the inter-granular networks. An important question
remains how magnetic structure in the inter-granular network region in the bulk
sample influences the nonlinear nature in the IV behaviour. It will be even more
interesting to understand how superfluid behaviour is affected as a result of the
inclusion of magnetic inter-granular components. Composite system of
YBa,Cu307.5 (YBCO) and Y,CoMnOg (YCMO) have been used for the present
study. We have used a low concentration of 5% of YCMO as magnetic material
for making the inter-granular network. Several YBCO superconductors have been
used for the composite systems. Transport properties of both (i) pure YBCO and
(i) composite systems are analysed to understand the change in the superfluid
property. An exponent has been extracted for all systems. Its variation with the

temperature has been discussed within the frame work of the AHNS theory.
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4.2 Experimental

We have synthesized YBa,Cu3O;.s by using the standard solid state reaction
method. Nominal values of 6 are 0 (S9), 0.1 (S10), 0.3 (S11) and 0.5 (S12). A
part of the sample S9 and 5% of Y,CoMnOgs (YCMO) are mixed thoroughly.
Similar mixing has been done using other pure samples of S10, S11 and S12.
Mixed samples are labelled as S13, S14, S15 and S16. Annealing of the pure and
mixed samples is carried out at 450°C using uniform oxygen flow rate. Resistivity
as a function of temperature has been measured by using the standard four-probe
method with the help of a CCR [10, 11]. At several constant temperatures IV

measurements have been carried around the phase transition region [12].

4.3 Results and discussions

In Figure 4.1(A), we have plotted resistivity as a function of temperature of pure
YBa,CuzO7.s with nominal values of 6 ~ 0 (S9), 0.1 (S10), 0.3 (S11) and 0.5
(S12). Normal states of all pure samples are found to be metallic. Using dpo/dT
versus T plots as shown in Figure 4.3(A—D) we obtain the critical temperature. It
Is taken as the temperature at which dpo/dT changes abruptly in lowering T from
the normal state. T, onset are found to be 89.8 K, 88.5 K, 90.5 K and 90.0 K
corresponding to S9, S10, S11 and S12 respectively. In Figure 4.1(B), we have

shown the variation of resistivity as a function of temperature for all four
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Figure 4.1(A): Resistivity as a function of T inYBa,Cu3O7-s (S9 — S12).

composite samples. Composite samples with 5% YCMO have higher p (300 K).
We have plotted do/dT versus T in panels (A—D) corresponding to S13, S14, S15
and S16 in Figure 4.4(A-D). T, onset are found to be 66.3 K, 67.1 K, 67.8 K and
83.0 K corresponding to composite samples S13, S14, S15 and S16 respectively.
Reduction of T. in sample with & ~ 0 and 5% YCMO is maximum and it is about
23.5 K. In Figure 4.2, we have shown a typical SEM of a composite sample as a
representative. In addition, it will be important to mention that the inter-granular
networks are almost similar in nature in all (S9—S16) samples.
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Figure 4.1(B): Resistivity as a function of T of four composite samples

consisting of 5% Y,CoMnQOg and YBa,Cusz07-; (513 — S16).

Normal states and phase transition regions are clearly affected in all four
composite samples. Comparing Figure 4.1(A) and Figure 4.1(B), few major
changes are observed in mixed samples. Even though the normal state of sample
with 6 = 0 and its corresponding mixed sample remains metallic, a clear upturn
in p (T) becomes visible in other mixed samples. Sample with 6 = 0.1 and mixed
with YCMO, normal state exhibits metallic behaviour over a wide range of

temperature followed by a saturation in p (T) in the vicinity of 150 K. However,
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Figure 4.2: A representative SEM of the surface of the composite consisting

of YCBO and YCMO (S13).

starting at 125.0 K a slight upturn has been observed in the mixed sample having
d = 0.1. Mixed samples with 6 = 0.3 and 6 = 0.5 exhibit clear upturn starting at T
= 300.0 K. Therefore, it is clearly observed that mixing is very effective in the
range of 0.1 < 6 < 0.3 in the origin of the upturn in p (T). In addition, mixed
sample with & = 0.5 exhibits very high resistivity p (300 K) ~ 73.5 mQ-cm and

superconducting transition.

Phase transition regions in both the pure samples and composite samples have

been investigated by studying the usual variations in do/dT as a function of T.
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Figure 4.3(A-D): Variation of do/dT versus T in YBa,Cu307-5 (S9 — S12).

However, we have observed some remarkable features. Firstly, in the pure sample
with & = 0.0, do/dT as a function of T exhibits a single peak at T = 82.5 K and
corresponding values of do/dT = 0.19 mQ - cm/K. For the pure sample with
6 =0.1, we observe a peak dp/dT =0.24 mQ2 - cm/K at T = 84.4 K. An enhanced
peak of do/dT =0.38 mQ2 - cm/K at T = 86.9 K for the sample with 6 = 0.3 has
been observed. The highest value of do/dT = 0.47 mQ - cm/K has been observed
in sample with 6 = 0.5 and it is around T = 85.6 K. Clearly in pure samples the
maximum value of do/dT increases with the increase in 3. It is an indication of

how the phase transition gets affected with the variation of &.
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Figure 4.4(A—D) Variation of do/dT versus T in four composite samples

consisting of 5% Y,CoMnOg and YBa,Cuz07-; (S13 — S16).

Variation of dp/dT versus T in composite samples is very important to understand

the role of the YCMO in the phase transition region. Following Figure 4.4(A-

D), dpo/dT versus T of composite sample S13 exhibit a peak at T = 30.4 K and the

peak value of do/dT is 0.77 mQ - cm/K. In addition, there is a saturation with

do/dT ~ 0.22 mQ - cm/K a small region around T = 45.0 K. In the composite

sample S14 (with 6 = 0.1) there is a peak in dp/dT (T) at T = 31.3 K and peak

value of dp/dT is 2.75 mQ - cm/K. It is also observed that the saturation in do/dT

weakens around 0.51 mQ - cm/K indicating origin of the another peak. There is
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Figure 4.5(A): IV variations of a composite sample consisting of 5%

Y,>CoMnOg and YBa,Cuz07, (S13).

a clear oscillating nature in do/dT (T) in the range of T =44.8 K to 57.0 K in the
composite sample S15 with 6 = 0.3. A clear peak is visible at T = 38.3 K with a
value of do/dT ~ 2.85 mQ - cm/K in S15. In the composite sample S16 we
observed two prominent peaks in do/dT (T) at T = 43.7 K and 28.7 K
corresponding to the peak values 9.58 mQ - cm/K and 10.76 mQ - cm/K

respectively. Therefore, the evolution of the nature of the phase transition in

composite samples in presence of YCMO needs more insight.
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Figure 4.5(B): IV variations of a composite sample consisting of 5%

Y,CoMnOg and YBa,CuzOs (S14).

There are several methods to estimate the o in cuprate superconductors [13, 14].
Below the critical temperature variations of IV represent the SPS which is related
to the vortex density correlations [15]. In Figure 4.5(A-D), we have shown IV
characteristics at several temperatures for four composite samples. In Figure
4.5(A) we have plotted IV for composite sample S13. It is observed that the IV
curves are nonlinear in nature below T = 35.0 K. At T > 35.0 K, all IV curves are
linear in nature. It will be interesting to mention that the sample S9 without
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Figure 4.5(C): IV variations of a composite sample consisting of 5%

Y,>CoMnOg and YBa,Cus0s7 (S15).

YCMO exhibits no detectable nonlinear nature in IV even in the lowest
temperature. There may be several reasons for the origin of the nonlinearity in IV.
Generally, the granularity is cited as one of the reasons. However, there is no
observed nonlinear behavior in the granular pure YBCO sample. That is why we
exclude granularity as one of the reasons. In addition, we have studied the
superfluid behavior for which we need to understand the nonlinearity observed in

the composite systems. Therefore, it will be reasonable to say that the presence
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Figure 4.5(D): IV variations a composite sample consisting of 5% Y,CoMnOQOg

and YBa,Cu30¢.5 (S16).

of YCMO generates nonlinear nature of IV in lower temperatures in S13.
Similarly, following Figure 4.5(B—D) for composite samples S14, S15 and S16,
nonlinear natures in 1V have been observed below T =30.0 K, 40.0 K and 40.0 K

respectively.

Following BKT transition several types of phase transitions have been explained

including superconducting systems [1, 15]. The unbinding of vortex pairs above
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Figure 4.6(A): Variation of a exponent 7 with the temperature in composite

samples S13-S16.

the BKT transition temperature has been used to understand the nonlinear 1V
below the superconducting critical temperature. In the origin of the nonlinear
nature of 1V, the role of YCMO has been considered following the idea of the
BKT transition [1]. The nonlinear voltage can be expressed with the help of an
exponent 7 and corresponding expression for voltage drop is written in eqn 1.1
[16-18]. We have fitted IV curves by using the above formula and extracted 7 as
a function of T for all four composite samples. In Figure 4.6(A), we have shown
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the variations of 7 (T). Interestingly, the variation of the exponent with T has a
nonlinear nature. All four composite samples have shown a drastic change in
n (T). The BKT transition is generally detected with the change in 7 (T) from 3.0
to 1.0. Except in sample S16, all three samples exhibit a very sharp nature of the
variation. However, S16 shows a broader variation of 7 (T). In the ultrathin layers
of the superlattice structure, a broadened variation of the exponent has been
observed earlier [19]. Nevertheless, the addition of YCMO in YBCO induces the
nonlinearity in a wide range of the oxygen concentration of YBCO. Earlier in
YBCO it has been reported that the nonlinearity may be observed in a very narrow
range of temperature [20-22]. Absence of the BKT transition in YBCO thin film
has been observed as well [23]. Even though we do not observe any nonohmic
exponent in pure YBCOs, we have observed the nonohmic exponents for all the
composite samples having the low concentration of YCMO. Following the AHNS
theory, we have also extracted the Js (T) with the help of the equation 1.2 [16, 17].
The variations of Js (T) are shown in Figure 4.6(B). The SPS becomes zero in all
cases (composite samples, S13-S16) above a certain temperature which is much
lower than the corresponding superconducting phase transition temperature.
Nevertheless, for all pure YBCO samples (S9-512), we observed Js (T) = 0 at any

temperature below the phase transition temperature.
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Figure 4.6(B): SPS as a function of T of composite systems (S13-S16)

following AHNS theory using eqn 1.2.

The pure YBCO exhibits no signature of the nonlinear behaviour in IV. As we
add the lower concentration of YCMO the possibility of BKT transition becomes
prominent. Therefore, the origin of such higher values of the exponent needs an
explanation. The multiferroic YCMO exhibits ferromagnetic properties
depending on the temperature. It will also be interesting to mention that YCMO
has a very complex magnetic structure in the range of the temperature where the

composite systems exhibit the nonlinear variation of the SPS [24, 25]. There is
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an important idea according to which in a ferroelectric system, the BKT transition
can be engineered [26] which seems to be very relevant to our observations of
higher nonohmic exponent and os. It seems that even a low dimensional thin layer
of YCMO formed in the inter-granular networks between two superconducting
grains of YBCO can be very effective to exhibit the BKT transition. The hybrid
configuration may cause the higher values of the exponent and the nonlinearity

in the J (T) with the temperature.

4.4 Summary

The linear nature of the IV curves below the critical temperature in the pure
YBCO system has been observed. On the addition of the low density YCMO in
YBCO, the nature of IV curves becomes nonlinear in addition to the change in
the critical temperature. The nonlinear nature of 1V curves in composite systems
exhibits wide variations. An increase in the exponent with the temperature
indicates that the BKT transition may be observed as a result of the presence of
the complex nature of the magnetic ordering or multiferroic layer in the inter-
granular region. A hybrid system consisting of YBCO and YCMO may be the

potential to observe the BKT transition.
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Chapter 5

Nonmagnetic scattering induced suppression of

superfluid density in Bi-2212

5.1 Introduction

Increasing the SPS, an enhancement of the T, in a superconductor is a very
complex process. Beyond a maximum SPS, no further enhancement of T is
possible in the HTS. However, it is not clear whether any critical SPS is there
beyond which increasing SPS is no more effective in controlling T.. The relation
between the SPS and o; has been extracted in several superconducting systems
[1-10]. Bi-2212 is such a superconducting 2D system in which SPS has been
studied, the objective of which remains many [11-14]. An important direction is
how to change SPS in Bi-2212 superconducting systems and understand the
associated underlying mechanism [15]. Suppression of the SPS in Bi-2212 is also
equally important which has added an additional direction in the same purpose

and the area of investigation [16].
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The SPS in superconducting systems has been studied by using several
experimental methods [17-21]. With the increase in T, the suppression of the SPS
in cuprates including Bi-2212 follows a crossover from the linear to a nonlinear
T-dependence [22]. In addition, depending on the carrier doping, the T-
dependence of the SPS is affected in different ways [23]. As an origin of the
superconducting pairs, any substitution of the impurity (doping) in Cu site affects
T. strongly. Even though the SPS at absolute zero (T = 0) is said to be scales
linearly below the quantum critical point (QCP), T-variation of the SPS reveals
how the o varies in such superconducting systems. IV characteristics below T,

are found to be very effective to extract the SPS in such systems [24, 25].

Nonmagnetic Zn-doped Bi-2212 is such a system in which the nonmagnetic
impurity suppresses superconductivity strongly. The suppression of T is reported
to be caused by the local suppression of the superconductivity by the strong
scattering [26, 27]. In presence of such a strong local scattering ambience around
the nonmagnetic site, how the SPS is affected in Bi-2212 is our main objective.
For the first time, we have investigated how the SPS varies with T in the pure Bi-
2212 by using IV characteristics. In the presence of the nonmagnetic impurity Zn
replacing Cu, how the nonlinear T - dependence of the SPS is affected is
investigated for the first time by using IV at the zero magnetic field. The IV

characteristics below T, of several Bi,Sr,CaCu,xZn.Os:s superconductors have
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been investigated to extract Js(T) following AHNS theory [28, 29]. An idea
associating the phase fluctuations in the distribution of the BKT vortices in strong
scattering potential has been used to understand the Jy(T) in presence of

nonmagnetic Zn in Bi,Sr,CaCu;,«ZNnxOs+s [30-32].

5.2 Experimental

We have synthesized several Bi,Sr, CaCu,.x ZnsOsg.s (Bi-2212) superconducting
bulk samples by using the standard solid state reaction method [33, 34]. The
concentration of Zn, x is taken to be 0 (S17), 0.05 (S18), 0.10 (S19), 0.15 (S20)
and 0.20 (S21). Sintering temperature have been used to synthesize the above
sample in the range of 820°C - 840° C and the duration is about 60 hours. In the
inset of Figure 5.1, we have shown a typical bar-shaped sample used for the
transport measurements. Typical dimension of the bar-shaped sample is 6.5 x 2.5
x 0.5 mm?3. The resistivity (o) as a function of T has been measured by using the
standard four-probe method with the help of a cryogenerator [35, 36]. At constant
T below the onset T, the measurements of IV have been carried around the phase
transition region. Generally, there are several criteria for determining critical
current, I from IV. We have used a criterion E = 0.01 mV/cm for the
determination of critical current I.. The critical current in the pure Bi-2212 is

found to be about 3.7 mA at 60.0 K.
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Figure 5.1: Resistivity, pas a function T in Bi,Sr, CaCus.ZNnOs+s (S17 — S21).

5.3 Results and discussions

We have shown the resistivity, p, as a function of T in Bi,Sr,CaCu;.«ZnyOg+s
superconductors in Figure 5.1. p (T) corresponding to the normal states of all
samples are found to be metallic in nature. In Figure 5.2(A-E), do/dT as a
function of T has been plotted for the samples (S17 — S21). The superconducting

onset T are found to be 83.2 K, 78.0 K, 70.0 K, 72.0 K and 82.0 K corresponding

to x = 0, 0.05, 0.10, 0.15 and 0.20 respectively. Even though the temperature
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Figure 5.2(A-E) Variations of do/dT versus T in Bi,Sr, CaCu,.x ZniOg:s for

(A) x = 0 (S17), (B) x = 0.05 (S18), (C) x = 0.10 (S19), (D) x = 0.15 (S20),

and (E) x = 0.20 (S21).

dependence of in-plane resistivity, pan, and out-of-plane resistivity, p. are known

to be highly anisotropic in nature in Bi-2212 single crystal, T, is found to be

almost the same in both pa, (T) and p¢ (T) [37,38]. The effect of the nonmagnetic

Zn in the bulk Bi-2212 is very complex in nature because of the randomness in

induced scattering centres in the superconducting planes. It is observed that above

a certain concentration, the effectiveness of Zn in the formation of energy gap
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Figure 5.3(A): IV characteristics in the log-log scale in superconducting
Bi,Sr,CaCu,0s:5 (S17) at several temperatures. An inset shown a nonlinear

curve of the respective sample with a fitting line by using eqn 1.1.

remains almost unchanged [39]. Even though Zn suppresses T it is known that
the suppression of order parameters takes place locally. Because all samples are
in the optimally doped region, the suppression of T, is not strong enough.
Adjusting the excess oxygen contributed a number of holes T, may remain almost

unchanged even though locally Zn suppresses superconducting order parameters.
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nonlinear curve of the respective sample with a fitting line by using egn 1.1.

The o controls critical temperatures in a complex way in Bi-2212. Both the linear
(Te < o5) and nonlinear (for example, T, « o5*) relations between the T, and the
o, are reported in several cuprate superconductors [40]. However, any relation

between the critical temperature, T. (o = 0) and oz (Js) in Zn-doped Bi-2212 is
not known [41].
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Figure 5.3(C): IV characteristics in the log-log scale in superconducting
Bi,Sr,CaCu;9Znp10ss (S19) at several temperatures. An inset shown a

nonlinear curve of the respective sample with a fitting line by using egn 1.1.

In Figure 5.3(A-E) we have shown IV characteristics at several temperatures for
all five samples (S17-S21) together with the corresponding electric field (E) and
current density (J). In the pure Bi-2212 sample with (x = 0), the 1Vs as shown in

Figure 5.3(A) are found to be nonlinear in the range of 60.0 K to 66.0 K. In the
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Figure 5.3(D): IV characteristics in the log-log scale in superconducting
Bi,Sr,CaCu; g5Zno150s+5 (S20) at several temperatures. An inset shown a

nonlinear curve of the respective sample with a fitting line by using eqn 1.1.

inset of Figure 5.3(A), we have plotted a typical nonlinear IV at 60.5 K. In Figure
5.3(B) we have shown IV characteristics in the range of 46.0 K through 80.0 K
for the sample S18. A representative nonlinear 1V curve corresponding to T =48.0
K is shown in the inset of Figure 5.3(B). We have shown the nonlinear variation

of IV in the range of 44.0 K to 70.0 K for S19 with x = 0.10 in Figure 5.3(C). A
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Figure 5.3(E): IV characteristics in the log-log scale in superconducting
Bi,Sr,CaCu; sZng20s+5 (S21) at several temperatures. An inset shown a

nonlinear curve of the respective sample with a fitting line by using eqn 1.1

typical nonlinear 1V corresponding to T = 45.0 K has been shown in the inset of
Figure 5.3(C). For S20 with x = 0.15, the IV characteristics in the range of 48.0
K to 70.0 K are shown in Figure 5.3(D). In the inset of Figure 5.3(D), we have
plotted a typical nonlinear 1V characteristic at T = 49.0 K. We have shown the 1V

characteristics for S21 (x = 0.20) in Figure 5.3(E). A typical nonlinear IV
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variation is shown in the inset of Figure 5.3(E) at temperature T = 51.0 K.
Therefore, below the onset superconducting T, the IV characteristics exhibit
similar linear to nonlinear transformation with the decreasing in T. Nonlinear 1V
characteristics of several cuprate superconductors have been observed including

Bi-2212 superconductors [42-45].

Nonlinear behaviour in IV has been observed in both the pure (S17) and doped
(S18-S21) superconductors. Moreover, the nonlinear behaviour becomes visible
within a range of temperatures which is below the onset T, but above T; (0= 0).
The nonlinear behaviour is related to the zero field BKT vortex distribution in the
2D and quasi-3D systems. Firstly, we have analysed the nonlinear behaviour of
IV using egn 1.1 [46, 47]. The BKT transition at T = Tgkr IS characterized by a
change in 5 [48]. Above Tgkr, as a result of the unbinding of the vortex-antivortex
pairs linear IV corresponding to = 1 is observed. We have fitted 1V curves by
using egn 1.1 and extracted # as a function of T for all samples. In the inset of
Figure 5.3(A-E), we have shown the fitting lines for the corresponding samples.
In Figure 5.4 we have shown the variation of extracted » with T for all samples.
(i) Clearly the variation # (T) is found to be nonlinear in nature in S17 and there
IS no signature of the saturation even at the lower temperature. (ii) The maximum
observed n = 2.0 corresponding to the pure sample (S17). Therefore, no clear

BKT transition is observed in the pure S17 down to the lowest possible measured
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Figure 5.4: Variations of 7 as a function of T for S17-S21. In the inset we have

shown 7 as a function of the reduced temperature T/T..

T. In several pure Bi-2212, a clear BKT has been reported earlier [49, 50]. The
reduced 7 reveals that the BKT transition is broadened in the pure Bi-2212 (S17)
[51]. (iii) In Zn-doped Bi-2212 (S18 - S21), all # (T) remains nonlinear but with
an indication of more broadened in nature. With the increase in Zn concentration
beyond 0.05, the broadening is reduced with x = 0.1 and 0.15 followed by a

further enhanced broadening in # (T) for x = 0.2 [52, 53]. In inset of Figure 5.4
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we have shown the variations of # as a function of the reduced temperature, T/T..
It reveals how the 7 (T) in Zn-doped superconductors drastically changes with
that corresponding to S17. A clear reduction in the observed highest # in each Zn-
doped Bi-2212 reveals that the vortex-antivortex paired state in the BKT system
below Tgkr gets strongly affected even by the nonmagnetic impurity. In a highly
layered Bi-2212 superconducting system, how the nonmagnetic can affect such

nonlinear # (T) has been resolved by analysing the SPS as a function of T [54].

Following the AHNS model, we have extracted the Js (T) with the help of the eqn
1.2 [55-57]. At T=Tgkrthe SPS, Js (T = Tgkr) is zero. In addition, below Tgkr, the
topological phase consisting of vortex-antivortex pairs forms. In Figure 5.5, we
have shown Js as a function of T. We have shown Jsas a function of the reduced
temperature, T/T. in the inset of Figure 5.5. Nonlinear variation of J; with T has
been observed in the pure Bi-2212 superconductors [58, 59]. Actually, the
distribution of the phase angle of superconducting pairs forms the vortex-
antivortex pairs in zero external magnetic field case. Thermal fluctuations induce
unbinding of such pairs. Generally, the Js is almost zero for unbound pairs (T >
Tekr). Phase of the non-condensed (Copper) pairs generally related with the
unbinding state of vortices. In the pure Bi-2212 the maximum SPS, J;" = 17.3 K

has been observed at T = 60.0 K which corresponds to T/T, ~ 0.75. The maximum

SPS is an important quantity because below T¢ (o = 0), the extraction of the SPS
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Figure 5.5: Variations of Js (T) for the pure S17 to Zn-doped Bi-2212 (S18-

S21). In the inset corresponding Js(T/T.) is also shown.

Is not possible in IV method. However, it is reasonable to assume that the

maximum SPS, Js (T—T¢ (p = 0)) is sufficiently close enough to correlate with T

(p=0).

The Js (T) in all S18-S21 superconducting samples are found to be nonlinear. A

strong suppression in Js (T) has been observed in Zn substituted Bi-2212 (S18-
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S21). With the increase in the doping of the nonmagnetic Zn the maximum Js also
decreases. In the inset of Figure 5.6, we have shown how J" = Js (T—T. (p = 0))
decreases with x. The observed suppression of the SPS is clearly caused by the
nonmagnetic impurity in the superconducting planes. It also indicates that the
underlying BKT vortex system formed at the zero field has been highly affected.
In Figure 5.6, we have plotted T (o= 0) as a function of Js (T—T. (o = 0)) of the
corresponding sample. Clearly a linear variation has been observed in presence

of the suppression by a nonmagnetic impurity in Bi-2212 which is consistent with
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the linear Uemura plot [58, 59]. We observed that the nonmagnetic Zn in the Cu
site causes the suppression in Js. A scanning tunneling microscopy (STM) showed
that the nonmagnetic Zn induces a quasiparticle scattering in the superconducting
planes in Bi-2212 [26, 27]. A localized scattering center induces an additional
scattering to the existing pairing interactions over a length scale of ~15 A. A
strong phase fluctuation results from such additional scattering centers [60, 61].
An induced phase fluctuations in the superconducting planes suppress the SPS
strongly [62]. However, the induced localized phase fluctuations are having
inhomogeneous distributions as a result of which the linear scaling relation gets
affected weakly. We assume that at the unbinding temperature T = Tgkr as shown
in Figure 5.6 the phase coherence completely disappears and it is reasonable
because of the known unbinding of BKT vortices at Tgkr [46, 47]. The ratio of
Tekr /Tc (p = 0) = 1.2 for the pure Bi-2212 (x = 0) which indicates that the phase
fluctuations are important. In Bi-2212 single crystal, the ratio is found to be 1.5
[62]. With the increase in Zn concentration, the ratios are 1.5, 1.4, 1.37 and 1.7
for x = 0.05, 0.1, 0.15 and 0.2 respectively which reveals that the local scattering

centres induced phase fluctuations are reasonably affected.

5.4 Summary

Nonlinear 1V characteristics have been observed in Zn-doped Bi-2212 below the

superconducting transition temperature. An exponent exhibit how the
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nonlinearity is affected by nonmagnetic scattering centers. The SPS extracted by
using the AHNS theory reveals a strong suppression by nonmagnetic impurities
in the superconducting planes of Bi-2212. Phase fluctuations are found to be

responsible for the suppression following the ratio of Tgkr and T. (o~ 0). The

characteristic critical temperature T. (o= 0) follows a linear scaling relation with

the SPS.

Nonlinear IV characteristics are observed in several HTS as discussed in Chapter
3 (electron doping in lattice site of YBCO), Chapter 4 (YCMO inclusions in
inter-granular region of YBCO) and the present Chapter 5 (nonmagnetic doping
in lattice sites of Bi-2212). In all studied HTS are having nonlinear nature of IV
and have comparable tuning of the SPS. However, no uniform relation between
T. and the SPS has been observed for several systems. Both the carrier
concentration and the inter-granular inclusions affect SPS strongly. Both the
YBCO and Bi-2212 based HTS systems are having nonlinear variations of the
SPS with T. IV studies therefore reveals that the tuning of the SPS is therefore
possible by using both types of inclusions from (i) lattice sites and (ii) inter-
granular regions. Investigating magnetic properties (magnetization and magnetic
critical current density) of several such representative HTS systems with
comparable nature of the variations of the SPS (observed from the IV studies) will
be important to enhance the pinning of vortices. Next two Chapters have been

included for that purpose.
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Chapter 6

Drastic enhancement of magnetic critical current
density in Zn-doped Bi-2212

6.1 Introduction

In cuprate HTS studies on the correlation between the vortex pinning and critical
current density, Jem have been carried out in several ways in the last few decades
[1-10]. The critical current density of the HTS systems can be measured by using
both the transport and magnetic methods [11, 12]. Studying magnetic Jem as a
function of (i) temperature (T) and (ii) magnetic field (H) is important to
understand the underlying pinning mechanisms. The nature and strengths of
pinning can be tuned in HTS in a number of ways [13-15]. An important aspect
of research in the area is to understand how the number density and nature of the
pinning centers can be changed which will be very effective in enhancing Jem.
Doping in planes in which superconductivity originates is an efficient method to

alter the pinning force density and hence the critical current density [16, 17].
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Controlling of motion of vortex and critical current density are intensively studied
by several experimental techniques in both low anisotropic and high anisotropic
superconductors [18, 19]. It is known that localised magnetic moments of a
magnetic domain are highly effective in vortex confinement which in turn reduces
vortex dissipations and alters critical current density. Nonmagnetic impurity
suppresses superconductivity in the Zn-doped Bi-2212. The suppression of T is
caused by the local suppression of the superconductivity by the strong scattering
[20, 21]. It will be very important to understand how nonmagnetic dopants affect

the pinning of pancake vortices in Bi-2212 superconductors.

We have studied magnetization (M) as a function of H at several T in two bulk
superconductors. Using the M(H) curves we have extracted irreversible
magnetization, AM and corresponding Jem(H, T). A phase diagram, H-T has been
found to understand the nature of vortex pinning in different regions
(combinations of H and T). The irreversibility line (IL) has also been determined.
Change in the Jecn In nonmagnetic Zn-doped Bi-2212 has been studied. In

addition, associated pinning force densities of both samples have been extracted.

6.2 Experimental

We have synthesized a series of bulk Bi,Sr, CaCuy.« ZnOs:s (Bi-2212) (x = 0

through 0.2) superconducting samples by using the standard solid state reaction
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method [22-25]. Two Bi-2212 samples with x is 0 (S17) and 0.15 (S520) have been
included for the magnetization studies of the present Chapter. The typical
dimensions of the bar-shaped sample used for the magnetization measurement
are 4.0 x 3.0 x 1.0 mm3. Measurements of M(H) by using a VSM have been
discussed in Chapter 2. At H = 100.0 Oe, M(T) has been measured in the field

cooled (FC) mode to determine critical temperature.

6.3 Results and discussions

In Figure 6.1(A) we have plotted M as a function of H for the pure Bi-2212
superconductor at several temperatures in the range of 2.0 K through 60.0 K. We
have observed that at 2.0 K, M = M.(H) above H ~ 0.15 T correspond to the vortex
states which is extended up to the maximum H of 7.0 T [26]. As T is increased to
50.0 K, the vortex state is observed for H > 0.02 T. During decreasing H from
7.0 T to 0, measured M = M_(H) is also shown in Figure 6.1(A). The width of the
magnetization curve, AM = M.(H) - M.(H) varies strongly with H and it is shown
in Figure 6.1(B). In the inset of AM(H), we have shown the bar-shaped Bi-2212
sample used for the measurement. The applied field (H) is perpendicular to the
shown surface of the sample. However, since we have used bulk sample
superconducting grains are randomly oriented with respect to the applied
magnetic field for both M_.(H) and M.(H). Therefore, AM(H) as shown in Figure

6.1(B) is contributed by the vortex states of Bi-2212 superconductor [27].

99



6.0 I I I I I I
A) T (K)

Bi,Sr,CaCu,0g, 5 (S17)

2.0

5.0

10.0
20.0
30.0
40.0
50.0
60.0

O v A & 4@ P> o @O

M (emu/cm®)

00 10 20 30 40 50 60 7.0
H (T)

Figure 6.1(A): M(H) at several temperatures below T, in Bi,Sr, CaCu;0s.s

(S17).

We have shown M(H) of Zn-doped Bi-2212 at T = 2.0, and 45.0 K in Figure
6.2(A). At 2.0 K, the M.(H) curve exhibits a dip at H = 0.12 T and therefore the
vortex state exists in the range 0f 0.12 T <H < 7.0 T at 2.0 K. M(H) curve at the
highest T = 45.0 K exhibits that the vortex state exists in the range of 0.019 T <
H <7.0T.InFigure 6.2(B) we have plotted AM(H) at several T of Zn-doped Bi-
2212. Clearly, we have observed that at the lowest temperature of 2.0 K, AM
varies strongly with H indicating that collective vortex pinning is dominating the

lower field regime at ~ 2.0 K [28]. As we increase the field to 7.0 T the variation
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Figure 6.1(B): AM(H) of the pure Bi-2212 (S17) superconductor at several

temperatures. In the inset the measured bar-shaped samples is shown.

AM(H) exhibits a tendency of almost saturation which is consistent with a single
vortex regime. However, the rate of change of AM with H is highly enhanced in
the Zn-doped superconductors at the range of the lower field particularly

indicating that the collective pinning is highly affected at the lower (H, T) regime

of the phase diagram.
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Figure 6.2(A): M(H) at several temperatures below T. in Bi,Sr,CaCu; gs

ZN.1503+s (820)

We have used the criterion AM = constant to form the H-T phase diagram to
understand change in the nature of pinning in both samples [28]. In Figure
6.3(A,B), we have shown two H-T diagrams corresponding to the pure and Zn-
doped Bi-2212 superconductors. In the pure Bi-2212, the curvature of all H-T
curves as observed in Figure 6.3(A) are found to be upward as well as similar
[29]. It indicates that the nature of pinning is collective vortex pinning
corresponding to the lower part (both T and H low) H-T diagram with a possible

crossover to single vortex pinning at upper part with higher H and T [30].
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Figure 6.2(B): AM(H) of the Zn-doped Bi-2212 (S20) superconductor at

several temperatures. In the inset the measured bar-shaped samples is shown.

Therefore, in presence of the lower thermal fluctuations and relatively lower field
having relatively higher inter vortex spacing, ao = (¢/H)*?, the collective pancake
vortex description is observed to be dominating in the highly anisotropic pure Bi-
2212. With the increase in thermal fluctuations (for example 60.0 K) and higher
field (~ 6-7 T), there is a possibility to single vortex pinning regime. As shown in

Figure 6.3(B), the H-T diagrams corresponding to the Zn-doped Bi-2212 sample
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Figure 6.3(A): Variation of H-T determined by using a criterion of AM =

constant for Bi-2212 (S17). Irreversibility lines (IL) is shown in the panel as

well.

exhibit that the curvatures remain upward in the entire range of the phase diagram.
However, each H-T curve indicates that both the collective vortex pinning as well

as the possibility of the crossover are strongly affected as a result of the Zn

substitution in Cu sites [31].
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Figure 6.3(B): Variation of H-T determined by using a criterion of AM =

constant for S20. Irreversibility lines (IL) is shown in the panel as well.
Using the magnetic field corresponding to the converging point of M. and M. we
have determined the irreversibility field, Hi., at each T for both samples. In the
H-T diagrams, we have shown irreversibility lines (IL) as H;.-T curves. Upward
curvature of IL is observed in the pure Bi-2212 earlier as well by other
experiments [29, 32]. Clearly the IL is shifted strongly by the nonmagnetic Zn
dopants. A comparison of Hi-T of both samples has also been shown in the inset
of Figure 6.6. Therefore, expanding the irreversible region in M(H) curve
corresponding to the observed IL in Bi-2212 superconductor may not be possible

by Zn which is observed in other studies [33].
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Figure 6.4(B): SEM of Zn-doped Bi-2212 (S20) superconductor.
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In Figure 6.4(A) and Figure 6.4(B), we have shown SEM of two samples.
Clearly the distribution of the size of the grains and shapes remains almost
unaffected in Zn-substituted Bi-2212 with respect to that of the pure Bi-2212
sample. Typical average individual grain dimensions are found to be ~ 6.65um
and 6.85 um corresponding to the pure and doped Bi-2212 respectively.
Therefore, it may be reasonable to attribute any change in the M(H) and

associated curve solely to the doping in the Cu sites.

In the inset of Figure 6.5, we have shown two M(T) curves measured around the
phase transition region in the field cooling (FC) mode at 100.0 Oe. It reveals that
the critical temperatures are 81.0 K and 71.0 K corresponding to the pure and Zn-
doped Bi-2212 respectively. Therefore, the suppression of T, is strong enough
even as a doping of nonmagnetic Zn which is consistent with other studies [33].
We have calculated the J., as a function of H by using the AM(H) [34, 35] with
help of the equation

Jem o< AM(H) (6.1)
Following the sample dimensions as shown in the inset of Figure 6.1(B) and
Figure 6.2(B) the proportionality constants are found for (i) the pure Bi-2212 and
(if) Zn-doped Bi-2212 respectively. In Figure 6.5, we have shown Je, as a
function of H for several T in the range of 2.0 K - 60.0 K. For the pure Bi-2212,

at 2.0 K the highest J.m ~ 1.5x10* A/lcm? is found at H ~ 0.11 T. In Figure 6.6,
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Figure 6.5: Variations of Jcm(H) for the pure Bi-2212 (S17) at several T.

we have plotted J.n(H) of Zn-doped Bi-2212 at several T in the range of 2.0 K —
45.0 K. The highest Jcn, is found to be ~ 4.0 x 10* A/cm?at 2.0 Kand H=0.10T.
Clearly at 2.0 K, the maximum J¢p, is enhanced by a factor of ~ 2.6. Enhancement
of critical current density is reported in several doped Bi-2212 including heavily
Pb doped Bi-2212 [36]. Magnetic critical current density obtained from the M(H)
measurement in Bi-2212 wire at 4.2 K and 5.0 T is reported to be ~ 45.0 x10*
A/cm? which is clearly much higher than observed J.m (5.0K, 5T) ~ 0.40 x10*
Al/cm? in a bulk sample [37]. Clearly granular networks in the bulk Bi-2212
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Figure 6.6: Variations of J.m(H) at several T in the Zn-doped Bi-2212 (S20).

sample decrease critical current density strongly. In the Zn-doped Bi-2212
superconductor, the increase in Jon in order of magnitude reveals that the
strengths of both collective pinning and single vortex pinning increases. Now
question remains how the pinning strength is increased by nonmagnetic doping
in Cu site. Several studies are there how nonmagnetic dopants affect in the
superconducting planes of Bi-2212 [38]. One of the major findings is that a
localised magnetic moment is generated by a nonmagnetic dopant. Therefore, it
Is reasonable to correlate that there may be a dominating role of the localised

moment in enhanced critical current density in Zn-doped Bi-2212.
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Figure 6.7(A): Fp as a function of H at several T in Bi-2212 (S17).

The pinning force density, F, has also been extracted [39] using an equation

E, =Jem XH (6.2)
In Figure 6.7(A) and Figure 6.7(B), we have shown pinning force density as a
function of the applied magnetic field (up to 7.0 T) at several T for the pure and
doped Bi-2212 respectively. The pinning force densities corresponding to the
highest Jcm Which are observed at 2.0 K are found to be ~ 1.7 x 107 and 4.1 x 107
N/m? corresponding to undoped and doped Bi-2212 respectively. Since the single
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Figure 6.7(B): Fp as a function of H at several T in Zn-doped Bi-2212 (S20)

superconductors.

vortex pinning is the mechanism in both samples with different pinning force
density and Jen it would be important to understand the change. Several
nonmagnetic doping elements including Zn in CuO, planes in cuprate
superconductors generate localized magnetic moment ~ 1.9 ug theoretically
through the hybridization [40]. The localised magnetic moment in Bi-2212
affects the vortex pinning strongly which is responsible for the enhancement of
Jem [18, 41].
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6.4 Summary

Nonmagnetic Zn-doped in Bi-2212 superconductor causes an enormous
enhancement in AM(H). Magnetization loops below T, are used to understand the
H-T phase diagrams of the pure and Zn-doped Bi-2212. M(H) curves are used to
determine H-T diagram including the irreversibility line (Hi-T). Jcm(H) extracted
from the M(H) loops is found to be very sensitive to the doping of the
nonmagnetic element in the superconducting planes of Bi-2212. The observed
maximum critical current increases by an order of magnitude of 2.6 in Zn-doped
Bi-2212. Even though the collective pinning regime is mostly observed there is a
possibility of a single vortex pinning regime as we approach to higher filed
regime. Also, the strength of pinning is highly changed by the localized magnetic
moment in Bi-2212 in the collective pinning regime and results an increase in the

Jem(H).
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Chapter 7

Effectiveness of two pinning profiles in controlling
magnetic critical current density in YBCO + YCMO

composites

7.1 Introduction

Enhancing pinning strength in YBCO superconductor is very important for the
application purposes [1, 2]. There are several methods by which pinning strength
of line vortices can be tuned. Changing the distribution of intrinsic point pinning
centres and pinning landscapes [3, 4] and generation of columnar disorder by ion
irradiation [5-7] are two efficient avenues in which this area of vortex pinning
has improved critical current density by order of magnitude. Additions of several
particles having different size and properties in several HTS including YBCO
have become another popular method in which understanding of enhancing
pinning strength needs more intensive research [8, 9]. In a bulk YBCO system,
the pinning scenario is very complex because the extension of the line vortices
covers pinning centres residing both in lattice sites and in the inter-granular

region [10]. Therefore, the term representing the interaction between the pinning

117



centres and line vortices of YBCO have two contributions — (i) interaction
between point pinning centres and part of line vortex and (ii) interaction between
pinning centres in the form of inter-granular particles and remaining part of the
line vortex. Even though experimentally it is challenging to understand the
Impact of multiple types of pinning arising in a well separated region of space in
bulk YBCO, mixing of different pinning centres has been attempted to understand

vortex pinning mechanism and its several consequences [11, 12].

Magnetic nanoparticles are known to be efficient pinning centres in type-11 bulk
superconductors. The interaction between the Abrikosov vortices (AV) with
magnetic nanoparticles and magnetic dots are used to improve the irreversible
magnetization in several hybrid superconducting systems [13, 14]. However, in
all such magnetic inclusions, more than one pinning landscape is active in vortex
pinning. An enhancement of magnetic critical current density needs optimization
of pinning by intrinsic pinning landscape and externally included magnetic
particles in superconductors. However, intensive research to understand the

pinning vortices by mixed landscapes is necessary.

We have generated two different co-existing pinning profiles in bulk YBCO
superconductors by (i) varying 6 and hence oxygen point disorder and (ii)
distribution of added magnetic Y,CoMnOs (YCMOQO) particles in the inter-

granular region of YBCO. Samples with a constant density of magnetic pinning
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centres have three different 6=0, 0.1 and 0.3. It means for a constant inter-
granular magnetic pinning profile we have used three intra-granular pinning
profiles. We have studied magnetization as a function of temperature (T) and
magnetic field (H) at several temperatures below the critical temperature.
Irreversible magnetization (AM) and J.n have been extracted. Enormous change
in Jem IN presence of two different pinning profiles has been studied. Impact of
coexisting pinning profiles on the J.n, is discussed with the help of several pinning

parameters.

7.2 Experimental

We have synthesized a series of bulk YBa,Cu3O-.s superconducting samples by
using the standard solid state reaction method [15-18]. The details of the synthesis
route and sample description are described in Chapter 2 and Chapter 4. One
pure sample S11 (6 = 0.3) and three mixed samples S13 (& = 0), S14 (6 = 0.1),
S15 (8 = 0.3) have been included in the present Chapter. A VSM has been used
for measurements of M as a function of the applied magnetic field at constant T.
The details of magnetic measurement have been discussed in experimental
Chapter 2. M(T) has been measured at 50 Oe in the usual zero field cooled (ZFC)

mode.
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Figure 7.1(A): M(H) at several temperatures below T. in pure YBa,CuzO7;

(YBCO, & = 0.3) (S11).

7.3 Results and discussions

In Figure 7.1(A) magnetization as a function of the applied magnetic field are
shown for the pure YBa,CuszO7s (6 = 0.3) (S11) superconductor at several
temperatures in the range of 2.0 K through 50.0 K. At 2.0 K, M = M.(H) in the
range of 0.183 T < H < 7.0 T is the magnetization of the vortex states obtained
during the increasing H from 0to 7.0 T. M = M.(H) obtained during the decreasing
of H from +7.0 T to O T is also shown in Figure 7.1(A). At T = 2.0 K, the
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Figure 7.1(B) AM(H) of the pure YBCO (6 = 0.3) (S11) superconductor at
several temperatures. In the inset, normalised M as a function of T is shown for

all samples in which transition temperatures are shown by arrows.

maximum and minimum M are found to be 36.8 emu/cm®at H ~ 0.16 T and 17.7
emu/cm?® at H ~ 6.75 T respectively. As T is increased to 50.0 K, the vortex state
is observed for H > 0.036 T. The width of the magnetization curve, AM = M.(H)
- M.(H) varies strongly with H and it is shown in Figure 7.1(B). Within the
measured range of field, the maximum AM ~ 101.33 emu/cm? is observed at 2.0

K and 0.16 T. The irreversible magnetization in YBCO (6 = 0.3) without any
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Figure 7.2(A): M(H) at several temperatures below T, in composite sample

YBCO (5 = 0) + 5%YCMO (S13).

YCMO is mostly the result of interaction between intrinsic point pinning centres
originating from oxygen vacancies in the lattice sites and vortex lines. In addition,
the variation of AM(H) is a measure of how solely oxygen vacancy related point

pinning profile affects the irreversible magnetization with H in S11.

In the inset of Figure 7.1(B), we have shown M(T) curves near the critical

temperatures. We observed onset T, = 91.0 K, 65.0 K, 60.0 K and 72.0 K
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Figure 7.2(B): M(H) at several temperatures below T, in composite sample

YBCO (8 = 0.1) + 5% YCMO (S14).

corresponding to S11, S13, S14 and S15 samples respectively [19]. Below T, we
have studied M(H) of all samples to understand the effects of two different
pinning landscapes on irreversible magnetization, irreversible field and J.m. We
have shown M(H) in composite systems consisting of YBCO with 5% YCMO
(513, S14 and S15) in Figure 7.2 (A-C). Following M. (H) curves at 2.0 K it is
observed that vortex states exist (i) 0.09 T<H <7.0TinS13, (ii)0.06 T<H <

7.0 Tin S14 and (iii) 0.07 T < H < 7.0 T in S15. There is a dip in all M. (H)
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Figure 7.2(C): M(H)at several temperatures below T, in composite sample

YBCO (3 = 0.3) + 5% YCMO (S15).

curves which is shifted with the increase in T. We have observed from M.(H)

curve at 2.0 K that M ~ 8.64 emu/cm®, 5.64 emu/cm® and 8.99 emu/cm?®

corresponding to S13, S14 and S15 respectively at fields corresponding to the

observed dip (close to the respective lower critical fields) in M. (H). Therefore,

distributed YCMO related pinning centres reduces the maximum M of the mixed

state of the YBCO. The pinning profile formed from the distribution of the

YCMO is therefore an effective in controlling vortex state magnetic properties.
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Figure 7.3(A): AM(H) of composite sample YBCO (6 = 0.0) + 5% YCMO

(S13).

For sample S15, neglecting a small mismatch in H an effective maximum
magnetic moment contributed by YCMO pinning landscape is ~ (8.99 - 36.8)
emu/cm? = - 27.8 emu/cm?®. A small variation ~ 3.0 emu/cm? in M is originated

from the increase in oxygen vacancy (induced via d) related pinning profile.

Moreover, with the increase in H, magnetic YCMO particles will tend to exhibit
the saturation moments. At a higher field limit, M = M_(2.0 K, 6.75 T) are found
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Figure 7.3(B): AM(H) of composite sample YBCO (6 = 0.1) + 5% YCMO
(S14).

to be ~ 17.71 emu/cm® and 96.75 emu/cm?® corresponding to S11 and S15
respectively. Hence at low temperature (2.0 K) and high field (6.75 T) limit
magnetic particles related pinning profile contributes an additional moment of ~
(96.79 — 17.71) emu/cm?® = 79.08 emu/cm?®. It reveals that at low T and higher

field limits magnetic pinning profile becomes more dominating than the other

pinning landscape of the oxygen disorders.
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Figure 7.3(C): AM(H) of composite sample YBCO (6 = 0.3) + 5% YCMO

(S15).

In Figure 7.3(A-C) we have plotted AM(H) at several T for three composite
samples. In the vortex state, the maximum AM at low field limitat 2.0 K are 25.77
emu/cm?, 15.62 emu/cm3and 23.90 emu/cm? corresponding to S13, S14 and S15
respectively. Both the oxygen vacancy landscape and magnetic particle landscape
are both responsible for the lower limit of H. Because of the constant control of
pinning by the magnetic profile, the actual pinning strength of the oxygen
disorder profile is found to be oscillatory. Because the maximum AM of the pure
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YBCO is 101.33 emu/cm? in the low field limit, for S15 the difference (23.90 —
101.33) emu/cm® = — 77.43 emu/cm? is contributed by the magnetic pinning
landscape solely. With the increasing field for H = 6.75 T the difference is (4.34
—32.87) emu/cm?® = — 28.53 emu/cm? reflecting the effect of the magnetic profile

Is changed by an order of magnitude.

In the inset of Figure 7.3(A) we have shown the irreversibility field, Hi as a
function of T for S13, S14 and S15 samples with YCMO. Clearly Hi(T) is
sensitive to oxygen deficiency in presence of YCMO. However, Hi(T) shifts
maximum for the highest oxygen disorder level (S15). A nonlinear variation of
Hi(T) is visible in all three bulk samples as is observed for several other
superconductors having mixed pinning landscapes. BZO added YBCO exhibits a

similar change in H;i(T) in presence of two pinning landscapes [3].

The Jn is calculated as a function of H by using AM(H) and lateral dimensions
[20, 21]. In Figure 7.4(A-D), we have shown J. as a function of H in for several
T for the pure YBCO (S11) and composite samples (S13, S14 and S15)
respectively. At low T =2.0 Kand low H ~0.16 T, Jon ~ 1.8 x 10° Alcm? is
found to be the highest for S11. Addition of YCMO in YBCO (S15) results in a
strong suppression in the maximum Jcy in the low field and low T limit. The
maximum Jen observed in S15 is ~ 4.1 x 10* A/cm? at 2.0 K and 0.1 T.

Approximately, a 4.4 fold reduction in J.n at the low H and T is observed. At low
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Figure 7.4 (A): Variations of J.m(H) in log-log scale at several T. Solid lines
are fitting in the intermediate ranges of field. Slopes of the fitting lines in the

form of eqn 7.1.

T (2.0 K) and high field (~ 6.75 T) limit the reduction is found to be ~ 8.0 fold.
The reduction in Jon in S15 sample in comparison to that of S11 is caused by the
addition of YCMO. Therefore, the reduction is associated with the weakening of
pinning by the magnetic pinning landscape. With the increase in field the
magnetic pinning profile becomes more effective in reducing the Jen. On the
contrary, in presence of nonmagnetic and non-superconducting nanoparticles, the
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Figure 7.4 (B): Variations of Jcm(H) in log-log scale at several T. Solid lines
are fitting in the intermediate ranges of field. Slopes of the fitting lines in the

form of eqn 7.1.

enhancement of transport critical current density in YBCO thin film has also been

observed at a high field at 77.0 K [22].

Comparing Jem 0f S13, S14 and S15 at (i) low T and low field and (ii) low T and
high field we have made an attempt to quantify how oxygen disorder induced
pinning profile acts as a pinning landscape (for fixed magnetic pinning
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Figure 7.4 (C): Variations of J.m(H) in log-log scale at several T. Solid lines

are fitting in the intermediate ranges of field. Slopes of the fitting lines in the

form of eqn 7.1.

landscape). At low T = 2.0 K and low field limit maximum J.,s are 5.1 x 10*
Alcm?,2.78 x 10* A/cm?and 4.13 x 10* A/lcm? for S13, S14 and S15 respectively.
As H is increased at 2.0 K, the high field (6.75 T) Jns are found to be 8.65 x 10°
Alcm?, 4.12 x 103 Alcm? and 7.5 x 10° A/cm? for S13, S14 and S15 respectively.
Clearly, with the increase in oxygen vacancy level, J., exhibits an oscillatory
behaviour. In oxygen deficient YBCO film, a reduction of critical current density
indicates clearly weakening of pinning by oxygen disorders [23]. Therefore, the
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form of eqn 7.1.

pinning landscape induced by the distribution and level of oxygen vacancy may
both increase or decrease depending on the nature of formed landscape at a

particular external experimental condition.

Following a power law equation

Jom o< H (7.1)
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Figure 7.5: Variations of exponent, o as a function of T for S11, S13, S14 and

S15.

we have plotted J.m(H) in log-log scale and fitted to extract the exponent, «, as a
function of T. In Figure 7.5, we have shown variation of o(T) for all samples.
For the S11, a varies within a range of ~ 0.35 to 0.60 whereas, for other samples,
S13 and S14, a increase weakly with respect to that of the S11. However, with
the increase in the level of oxygen disorder () no systematic change o (7) has

been observed. Interestingly we have observed that oo = 0.9 at 40.0 K for S15. An
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increase in o by the magnetic pinning landscape has been observed (S15 and
S11). It reveals that YCMO pinning landscape induces an enhanced rate of
decrease in Jey With H in the pure YBCO. In YBCO thin film, it is reported that
with the increase in the natural linear defects, the exponent increases and remains
in the range ~ 0.8 to 1.1 [24]. Therefore, the role of the line defects in controlling
pinning is comparable to that induced by the magnetic pinning profile induced by

YCMO in the intermediate range of the applied H.

7.4 Summary

Pinning landscapes generated by (i) oxygen vacancies and (ii) distribution of
magnetic particles are not effective additively in controlling vortex pinning in
YBCO. At low temperature limits the magnetic pinning profile strongly reduces
the magnetic critical current density of YBCO in both low and high field limits
but unevenly. However, the oxygen disorder induced pinning landscape may
increase or decrease J.m, moderately depending on the level and distribution of the
disorder in all fields at low T. An increase in the exponent by magnetic pinning

landscape has been observed.

From the IV studies, we have shown a drastic change (shown in Figure 4.6(B))
in the SPS as a result of the inclusion of YCMO as discussed in Chapter 4. Jen

as discussed in Chapter 7 also exhibits a strong reduction (shown in Figure

134



7.4(A-D)) in YCMO added YBCO. It indicates that the magnetic structure of the
inclusion affects both the SPS and J.,. However, more such systems will be
necessary to understand how optimisation of the SPS is necessary in addition to
the pinning landscape in YBCO for maximising Jem Also, the behaviour of the
SPS is the magnetic field will be an important aspect because we need to

maximise Jen in the high magnetic field.

7.5 Possible future directions

IV characteristics at zero magnetic field are very efficient to detect the BKT
vortices. Controlling the distribution of the vortex-antivortex pairs from either by
(i) carrier concentration or (ii) granularity can be an important starting point to
find avenues for maximising vortex pinning and critical current density in the
high magnetic field. A suitable relation between the SPS and J., may be possible
after following the studies carried out in this thesis. It will be necessary to select
several representative combinations of superconducting samples and pinning
particles in different sites for which nonlinear 1V down to very low temperature
becomes prominent. Extension of 1V measurements in magnetic field and M(H)
of such hybrid systems will be helpful in developing a suitable relation between
the SPS and J.m in future. Also, a generalization of the pinning of different vortex

states in such systems will be another future direction based on this thesis.
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